INTRODUCTION
Cytokines such as granulocyte macrophage colony-stimulating factor (GM-CSF), an important hematopoietic growth factor and immunomodulator, have been applied as adjuvants in cancer immunotherapy, and they may be utilized to overcome the immunosuppressive tumor microenvironment. 1 However, systemically delivered cytokines have limited access to brain tumors due to the selective blood-brain barrier (BBB), and they may require high doses to reach therapeutic concentrations, thus increasing the risk of side effects. 2 Despite tremendous efforts on research investigating invasive and non-invasive drug delivery to CNS tumors (e.g., osmotic BBB disruption, receptor-mediated blood-brain-tumor barrier [BBTB] opening, convectionenhanced drug delivery, nanoparticles, and gene therapy), the BBB remains a major limiting factor for the development of novel and successful therapeutics for malignant brain tumors. Many studies have demonstrated the benefits of viral vector-based expression of cytokines using cellular therapy for solid tumors. [3] [4] [5] [6] Recently, transgenic engineering of interleukin (IL)-15-expressing IL-13Ra-chimeric antigen receptor (CAR) T cells enhanced anti-tumor activity of IL-13Ra-CAR T cells in a glioma xenograft. 7 Compared to unmodified vascular endothelial growth factor (VEGF)-CAR T, others have shown that IL-12-expressing VEGF-CAR T cells can eradicate multiple vascularized tumors in mice. 3 While viral vector-based cell therapies can be utilized as a platform for delivery to intracranial tumors, due to the complexity and cost of clinical vector production, iterative clinical trials incorporating gene modification via vector-based strategies may be difficult to implement. 8 Conversely, non-viral-based cell therapies using RNA transfection offer several advantages for gene expression over viral vectors. First, RNA is readily translated in the cytoplasm, yielding high transfection efficiency, thus bypassing the need for delivery to the nucleus for gene expression. Moreover, we have previously demonstrated that multiple RNAs can be combined for simultaneous gene expression in activated T cells, 9 and the transient nature of gene expression from RNA templates allows for the pharmacological titration of both T cell dosing and RNA-based gene delivery. 10 Lastly, circumventing long-lived expression of inflammatory molecules in adoptively transferred lymphocytes may bypass the potential safety concerns in the use of stably transfected T cells expressing immunopotentiating agents.
Adoptive T cell transfer (ACT), using autologous tumor-specific lymphocytes expanded ex vivo, has a major advantage over other cancer immunotherapies available, because T cells are known to cross the BBB 11 and migrate to invasive intracranial tumors. 12 Additionally, ex vivo expansion of T cells allows for the genetic T cell reprogramming. Transient gene expression using RNA-based modification of T cells is a relevant and contemporary approach under active investigation within the immune-oncology field. Consequently, successful electroporation (EP) of mRNA into primary T lymphocytes has now been developed for genetically modified T cells in preclinical studies, 9, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and it is already being evaluated in clinical trials in patients with advanced malignancies and recently completed clinical trials (ClinicalTrials.gov: NCT01355965, NCT01897415, NCT03060356, NCT02624258, and NCT01837602). To establish a proof of concept, we investigated T cells as biological carriers of RNA encoding for GM-CSF in an intracranial tumor mouse model. We demonstrated that murine activated T cells can be successfully modified to secrete GM-CSF protein while retaining effector T cell functions in vitro. GM-CSF RNA-modified T cells delivered enhanced protein levels of GM-CSF to intracranial tumors in vivo. By increasing local interferon gamma (IFN-g) secretion at the tumor site and expanding systemic antigen-specific T cells, GM-CSF RNA-modified T cells prolonged overall survival outcomes in a murine intracranial tumor model.
RESULTS

High Transfection Efficiency of GFP RNA-Modified T Cells by EP
To identify the optimal non-viral method to modify T cells, we compared transfection efficiency and cell viability of concanavalin A (ConA)-activated T cells transfected with GFP RNA using four different techniques as follows: lipofectamine 2000 (lipo 2000), lipofectamine 3000 (lipo 3000), messenger max (Max), and EP. We demonstrated that EP is the most effective non-viral method screened. Compared to lipofectamine methods, EP yielded high percentages of GFP+ cells (>65% in repeated experiments) (****p < 0.0001, one-way ANOVA) ( Figures 1B and 1C ). Compared to unmodified T cells, a high percentage of cell viability is retained 24 hr post-EP ($98%), while the percentage of cell viability after lipo 3000 transfection was dramatically reduced by 8-fold (11%) (****p < 0.0001, one-way ANOVA) ( Figure 1D ).
Based on these data, we selected EP as a transfection method for subsequent experiments. RNA-modified T cells electroporated with an irrelevant RNA showed no significant differences of the FL-1 median fluorescence intensity (MFI) when compared to the mock and untransfected T cell groups (data not shown), excluding the possibility of autofluorescence from modified T cells potentially due to the transfection method. We next detected the kinetics of GFP expression after T cell EP with GFP RNA. While GFP expression in CD3+ T cells was highly detected ($60%) at 4 and 24 hr, GFP expression decreased at 48 hr (*p < 0.05, two-way ANOVA) and 72 hr (**p < 0.01, two-way ANOVA), reaching basal levels by day 5 post-EP (**p < 0.01, twoway ANOVA) ( Figures 1F and 1G ).
Phenotypic Analysis of the GFP RNA-Modified T Cells
Different tools are available to expand T cells in vitro (e.g., anti-CD3 antibodies, mitogens, and CD3/CD28 beads). We next investigated if the method utilized to perform T cell activation would affect T cell transfection efficiency. We compared GFP transfection efficiency of murine T cells activated with IL-2 and ConA (a mitogen known to activate T cells in an antigen-presenting cell [APC]-independent manner) or total tumor RNA-pulsed dendritic cell (ttRNADC) platform plus IL-2 (a physiologically relevant APCdependent antigen-specific T cell activation platform established in our laboratory 25, 26 ). GFP expression in CD3+ T cells was detected by flow cytometry at 1, 3, and 5 days after GFP RNA T cell EP. At day 1, CD3+ T cells showed similar GFP expression ($65%) between ConA and ttRNADC activation groups and decreased GFP expression by $1.5-fold at day 3 (****p < 0.0001, *p < 0.05, two-way ANOVA). While ConA-activated T cells decreased GFP expression by $3.5-fold at day 5 (****p < 0.0001, two-way ANOVA), ttRNADC-activated T cells retained a superior fraction of GFP+ T cells at day 5 (*p < 0.05, two-way ANOVA) (Figures 2A and 2B ).
To evaluate the relationship between T cell proliferation and transgene expression, we sorted GFP+ cells out of GFP-electroporated ConA-or ttRNADC-activated T cells at 4 hr post-EP ( Figure S1A ). GFP expression on CD8+CD44+ T cells was detected by flow cytometry every 24 hr for a period of 5 days (24, 48, 72, 96 , and 120 hr). We demonstrated that the percentage and MFI of GFP from the GFP-transfected ConA and ttRNADC CD8+CD44+ T cell groups decreased over time (**p < 0.01, ***p < 0.001, and ****p < 0.0001, two-way ANOVA) ( Figures S1B-S1D ). These data indicate that activated T cells were losing the transgene as the T cells divided, likely due to both the division and degradation of the non-renewal resource of GFP RNA within the transfected T cells.
Since the T activation platforms used in this experiment skewed expansion toward CD8 T cells (****p < 0.0001, unpaired t test) (Figure S2A) , we next evaluated the GFP transgene expression within CD8+ CD44+ central memory T cells (TCM cells; CD62L+, CD27+), effector memory T cells (TEM cells; CD62LÀ, CD27+), and effector T cells (TE cells; CD62LÀ, CD27À). Since naive T lymphocytes are mostly refractory to RNA EP, prior activation of T cells is necessary to achieve efficient transfection. Therefore, CD44+ was used as an activation marker to distinguish activated from naive T cells. The short-lived activation of T cells in vitro for 8 days that leads to significant upregulation of CD44 expression on T cells prompted us to use the designation as an activation marker in this context.
Under the live gate, CD8+ CD44+ T cells were gated on TCM, TEM, and TE cells based on their correspondent expression marker (mentioned above). We further characterized these cells as GFP neg , GFP low , or GFP high ( Figure 2C ), based on their MFI, and we applied the t-distributed stochastic neighbor embedding (t-SNE) for visualization of the distinct T cell subsets expressing various amounts of GFP ( Figure 2C ; Figure S2B ). The different T cell activation platforms resulted in differences in the GFP transgene expression across the defined T cell subsets. Compared to the ttRNADC-stimulated T cells, the percentage of TCM cells in the GFP low CD44+ CD8+ T cell compartment was superior in the ConA-activated T cell group (**p < 0.01, unpaired t test). In contrast, the percentage of TEM cells in the GFP high CD44+ CD8+ T cell compartment was higher in the ttRNADC-activated T cell group (**p < 0.01, unpaired t test) (Figures 2D and 2E ). Figure 2F In solid tumors, previous studies have modified T cells with RNA to express membrane-bound proteins, such as T cell receptor (TCR) and CARs, to enhance T cell antigen specificity or T cell function. 15, 22 Here, we evaluated if activated T cells could be modified with RNA to secrete a cytokine. After generating the murine GM-CSF in vitro-transcribed (IVT) RNA ( Figure 3A) , we tested the RNA in vitro by electroporating ConA-or ttRNADC-activated T cells with GM-CSF RNA. Compared to control unmodified T cells, mouse GM-CSF protein levels were significantly higher ( Figure 3B ) at 24 hr after GM-CSF RNA EP of ConA-activated T cells; similar results were found in the ttRNADC-expanded T cell group. GM-CSF secreted by ConA EP T cells decreased at 48 hr (****p < 0.0001, unpaired t test) ( Figure 3B ), and it reached basal levels by 72 hr (****p < 0.0001, unpaired t test) ( Figure 3B ). ttRNADC-stimulated T cells demonstrated similar kinetics of GM-CSF expression (***p < 0.001, unpaired t test) ( Figure 3B ). We next determined the transfection efficiency of ConA-activated T cells using increasing concentrations of GM-CSF RNA (2.5, 5, 10, 15, and 20 mg). Compared to mock EP T cells, the increasing concentration of GM-CSF RNA enhanced transfection efficiency in an RNA dose-dependent manner ( Figure S3C ). We previously demonstrated the capacity of human T cells to express multiple genes through an RNA-based EP platform. To investigate the feasibility of co-transfection in murine lymphocytes, ConA-activated T cells were electroporated with GFP RNA and RNA encoding for Gaussia luciferase (Luc, a secreted version of firefly luciferase). No difference in GFP+ T cell expression ( Figures S3D and S3E ) or luciferase activity (Figure S3F ) was observed after EP with GFP or Luc RNA alone, or in combination. These data suggest that murine lymphocytes can be efficiently co-transfected with multiple RNAs, allowing for the reprogramming of the tumor microenvironment.
We then assessed if effector T cell function was being disrupted following T cell EP. We evaluated the secretion of well-known immunostimulating cytokines involved with anti-tumor cytotoxic T cell responses, such as IFN-g, tumor necrosis factor alpha (TNF-a), IL-2, and Granzyme B. 27 Using a functional assay, B16F10-ovalbumin (OVA) tumor cells were co-cultured with GM-CSF-expressing ConA-activated OT-1 T cells, and immunostimulating cytokines were measured in the supernatant at 24 hr after co-culture. Interestingly, compared to unmodified OT-1 T cells (cultured with tumor cells), GM-CSF-expressing OT-1 T cells displayed a dramatic enhancement of the IFN-g secretion 
(D and E) Representative t-SNE analysis (D)
and percentages of TCM, TEM, and TE (E) negative for GFP or expressing low or high GFP, 24 hr after electroporation. (F) Percentages of CD8+ CD44+ T cell TCM, TEM, and TE negative for GFP or expressing low or high GFP of total cells, 24 hr after electroporation. TCM, central memory T cell; TEM, effector memory T cell; TE, effector T cell; t-SNE, t-distributed stochastic neighbor embedding; ttRNADC, total tumor RNA-pulsed dendritic cell (*p < 0.05; ***p < 0.001; ****p < 0.0001, two-way ANOVA; **p < 0.01, unpaired t test). Values indicated are the mean ± SEM.
($4-fold) (***p < 0.001, unpaired t test) ( Figure 3C ). However, IL-2, TNF-a, and Granzyme B levels remained similar between groups after co-culture with target tumor cells ( Figures 3D-3F ).
Enhanced GM-CSF Levels within the Brain Tumor Microenvironment following Intravenous Delivery of GM-CSF RNA-Modified T Cells
To investigate if genetically modified T cells with RNA could migrate locally to brain tumors, we injected GM-CSF-expressing OT-1 T cells (CD45.1 congenic background) intravenously (i.v.) into B16F10-OVA tumor-bearing C57BL/6 mice (CD45.2 congenic background). The brain tumor was excised at 24 hr after the T cell injection to detect adoptively transferred OT-1 T cells (identified by CD3, CD8, and CD45.1 markers). The percentage of CD3+ CD8+ CD45.1+ T cells was similar in both groups injected with unmodified or GM-CSFexpressing T cells, indicating successful localization of the injected T cells into intracranial tumors (Figures 4B and 4C ).
To measure whether cytokine secretion by RNA-modified T cells could be detected locally at the tumor site, we injected GM-CSF-expressing T cells i.v. into established B16F10-OVA tumor-bearing C57BL/6 mice (18 days after tumor implantation), and we quantified GM-CSF levels within the extracted brain tumor tissue lysate 24 hr following T cell injection. Compared to the unmodified T cell group, GM-CSF protein levels were increased nearly 2-fold in the GM-CSFexpressing T cell group (*p < 0.05, one-way ANOVA) ( Figure 4D ). Notably, unmodified T cells showed moderate levels of GM-CSF after co-culture with target tumor cells in vitro ( Figure S4 ), indicating that unmodified activated OT-1 T cells secrete their own GM-CSF upon tumor recognition in vivo.
The potential risks of systemic cytokine administration have been demonstrated in many patients. Additionally, achieving biologically meaningful concentrations of cytokines within the CNS through systemic circulation may be limiting due to the short half-lives of cytokines and the BBB. To evaluate systemic concentrations of GM-CSF delivered by RNA-modified T cells compared to systemic drug delivery of recombinant GM-CSF, we administered GM-CSF-expressing T cells i.v. into non-tumor-bearing C57BL/6 mice, and we measured GM-CSF levels in the serum over a period of 24 hr. 250 ng/mouse of the recombinant GM-CSF (exoGM-CSF) was also injected systemically (i.v. or subcutaneously [s.c.]) into non-tumor-bearing animals as a comparator group. GM-CSF protein levels were detected 20 min after exoGM-CSF i.v. and s.c. injections. As expected, due to differences in the route of administration, GM-CSF levels dramatically decreased at 1 hr after exoGM-CSF i.v. injection, whereas GM-CSF levels increased transiently following s.c. injection, presumably as GM-CSF was absorbed into the blood compartment from s.c. depot. In both cases, GM-CSF reached basal levels by 4 hr post-injection. In contrast, following i.v. injection of GM-CSF-expressing T cells, we found undetectable levels of GM-CSF in the serum at all the indicated time points (Figure 4E ), despite high GM-CSF protein expression from T cells in vitro ( Figure S5 ). Taken together, these data demonstrate that RNA-modified T cells deliver increased concentrations of a cytokine within the brain tumor microenvironment while not modulating systemic concentrations.
GM-CSF RNA-Modified T Cells Enhance Overall Survival in a Murine Brain Tumor Model
To justify the rationale of using RNA-modified T cell as a platform to deliver biological agents to brain tumors, we first evaluated the anti-tumor efficacy of systemic injection of recombinant GM-CSF (exoGM-CSF) along with adoptive transfer of activated tumorspecific lymphocytes in vivo. At day 7 after tumor implantation, a single i.v. injection of unmodified ConA-activated OT-1 T cell alone or in combination with 125 ng/mouse exoGM-CSF (3 equal doses, every 24 hr) was administered into B16F10-OVA tumor-bearing C57BL/6 mice ( Figure 5A ). Compared to the unmodified T cell-injected group, the exoGM-CSF plus OT-1 T cell-injected group did not show any additional survival benefit ( Figure 5B ). We then injected GM-CSF RNA-modified OT-1 T cells into B16F10-OVA intracranial tumor-bearing C57BL/6 mice at day 7 after tumor implantation ( Figure 5C ). Compared to the unmodified OT-1 T cell group, the GM-CSF-expressing OT-1 T cells prolonged overall survival ( Figure 5D ) (*p < 0.05, Gehan-Breslow-Wilcoxon test), with approximately 14% (1 of 7) of long-term survivals.
While we demonstrated that RNA-modified T cells produced over 600-1,000 pg/mL GM-CSF in vitro within 24 hr after EP ( Figure 3B ; Figure S5 ), in vivo detection capabilities are shown to be reliable at as little as 10 pg/mL ( Figure 4D ). Given the relatively small total blood volume of a mouse (1.5-2.0 mL), we find it particularly relevant that RNA-modified T cells deliver increased levels of GM-CSF to the tumor microenvironment without increasing systemic levels of GM-CSF detectable in the blood, while systemic GM-CSF administration (which is not effective in enhancing anti-tumor immunity during adoptive T cell therapy) leads to high levels of circulating GM-CSF. These experiments highlight the pharmacologic, biologic, and adjuvant effect differences in the delivery of GM-CSF through RNAmodified T cells versus systemic administration. While we did not observe any toxicity in mice treated with RNA-modified T cells, extensive toxicity evaluation of this approach and detection of local concentrations of GM-CSF in other organ sites (e.g., lung, spleen, and lymph node [LN] , where lymphocytes may accumulate) must be considered in further clinical development.
To determine the local effects by which GM-CSF RNA-modified T cells potentiated the overall survival, we injected GM-CSFexpressing OT-1 T cells i.v. into mice with established tumors (18 days after tumor implantation), and we analyzed the IFN-g levels within the brain tumor microenvironment 24 hr after T cell injection ( Figure 6A ). Compared to the unmodified T cell group, GM-CSF RNA-modified T cells increased IFN-g secretion at the tumor site nearly 2.5-fold (*p < 0.05, unpaired t test) ( Figures 6B and  6C) . By using OT-1-(CD3, CD8, and OVA tetramer) ( Figure 6A ) and DC-(major histocompatibility complex [MHC] class II and CD11c) ( Figure S6A ) specific markers, we then determined the local and systemic effects of GM-CSF-expressing T cell on antigenspecific T cell and APCs within the brain and/or spleen (harvested 13 days after T cell injection). Compared to the unmodified OT-1 T cell group, while GM-CSF-expressing OT-1 T cell injection increased the percentage ($2-fold) and absolute count ($2-fold) of CD3+ CD8+ OVA tetramer+ T cells in the spleen (*p < 0.05, unpaired t test) ( Figures 6E and 6G) , the percentage of antigen-specific T cells remained similar within the brain tumor-infiltrating lymphocyte compartment ( Figures 6D and 6F) . The overall percentage, absolute count, and MFI of MHC class II and CD11c remained unchanged ( Figures S6B-S6D ).
DISCUSSION
Effective drug delivery to brain tumors requires therapeutic concentrations locally at the tumor. However, successful drug delivery to the CNS remains a challenge, and it is often hampered by the BBB and factors characteristic of intracranial tumors, such as the tumor islands disseminated throughout brain parenchyma, intratumoral pressure, and abnormal vasculature within the tumors. [28] [29] [30] Strategies to deliver therapeutic macromolecules to the CNS tumor microenvironment, at levels that mediate biological and clinical responses, have included local delivery with implantable diffusion devices (e.g., carmucistine wafer Gliadel), convection-enhanced delivery employing one or more implanted catheters, nanoparticle delivery strategies, BBB disruption approaches with systemic delivery, and the use of gene-modified cellular vehicles to deliver therapeutic agents. [31] [32] [33] While immunomodulatory agents can be utilized to reprogram the intratumoral microenvironment, repeated direct intratumoral injection poses many practical challenges, and systemic administration is hindered not only by barrier restrictions but also by dose-limiting toxicities. To circumvent the challenges of drug delivery to brain tumors, we hypothesized that T cells could be modified with RNA to deliver a soluble molecule directly to the brain tumor microenvironment. Although the BBB is an impediment in the context of systemic drug delivery, T cells are an attractive biological carrier due their inherent capability to cross the BBB 11, 34 and migrate to areas of invasive neoplastic growth. 12 While previous studies used genetic modification of T cells with RNA as a strategy to improve T cell function or redirect tumor-antigen specificity, our study demonstrated the capacity for GM-CSF RNAmodified T cells to effectively deliver therapeutic macromolecules locally to intracranial tumors and mediate enhanced anti-tumor immunity. GM-CSF, a pleiotropic cytokine, is a promising adjuvant utilized to potentiate cancer vaccines in preclinical studies and clinical trials. 1, 35 The anti-tumor effects of GM-CSF are likely due to indirect effects on T cells through resident or recruited APCs, such as DCs, and direct effects on DC differentiation and maturation by increasing co-stimulatory molecules, such as CD80, CD86, and CD1a. [36] [37] [38] Based on these data, we evaluated if local delivery of GM-CSF by T cells within brain tumors would increase anti-tumor immunity and enhance survival outcomes in tumor-bearing mice. We show that systemic injection of GM-CSF RNA-modified T cells significantly prolongs survival in mice bearing intracranial tumors. Importantly, exogenous GM-CSF combined with unmodified T cells did not enhance overall survival in the same orthotopic brain tumor model. Flow cytometric analyses reveal that such responses are associated with locally increased secretion of IFN-g in the tumor microenvironment and systemic antigen-specific T cell expansion. Recent studies using CAR T cell therapy in clinical settings demonstrated the occurrence of inflammatory toxicity, in particular cytokine storm and neurotoxicity. To date, elevated IL-6 levels have been a hallmark of cytokine release storm and previously reported in viral-based T cell therapy. 39 Unlike viral vector approaches, our RNA-modified T cell platform led to undetectable levels of IL-6 locally at the tumor site ( Figure 6B ), suggesting a low risk of neurotoxicity. While GM-CSF RNA-modified T cell-treated animals used in this study did not exhibit any symptoms of neurotoxicity or cytokine storm, an extensive toxicity evaluation of such an approach before translation into human clinical trials would be warranted.
Cytokines are tightly regulated and capable of causing severe toxic adverse effects. 2 Therefore, it is highly relevant to understand transfection efficiency in different T cell populations for further application in ACT. Previous reports have shown the characterization of RNA-transfected CD4+ T and CD8+ T cells. 22, 23 We extended these findings and revealed a detailed phenotypic analysis of RNA-modified CD8+ T cell subtypes, such as TCM, TEM, and TE. As a proof of principle, we used GFP RNA-modified T cells to address this question, and we found a variation of GFP T cell transfection efficiency in different T cell subsets. These results can potentially aid in choosing the appropriate T cell subset for genetic modification and ACT, based on transgene expression levels of each T cell population.
We show that murine T cells activated with different T cell activation platforms can be modified to secrete GM-CSF protein in vitro. Gene expression is differentially regulated during T cell activation using antigen-specific or antigen-independent processes. 40 Compared to
ConA T cell activation, we demonstrate that ttRNADC T cells mediate superior cytokine level secretion by GM-CSF-expressing T cells. The variations observed on protein levels may be a consequence of distinct T cell activation machinery utilized by T cells during expansion via APCs (ttRNADC) or mitogens (ConA). Various mechanisms could be taken into account for the observed increases in transgene production from DC-stimulated T cells: for instance, an increase in RNA uptake, superior stability of the RNA in DC-stimulated cells compared to ConA stimulation, slower metabolic turnover of the RNA and/or protein in the T cell populations, and/or differences in the proliferative rate of T cells in the two platforms that results in dilution among progeny at a different rate. Our data demonstrated that, although the percentages of the GFP+ CD3+ T cells are similar between the ConA and ttRNADC groups (Figure 2B ; Figure S2C ) at 24 hr after T cell EP, when we compared the GFP MFI between these two groups, we found increased MFI in the ttRNADC-activated T cell group ( Figure S2D ). Another potential explanation may be accounted for by a slower rate of GFP decay by the GFP-transfected ttRNADC-activated T cell group when compared to the ConA-activated T cell group ( Figure S2E ). These results with GFP expression demonstrate that ttRNADC-stimulated T cells express higher and more sustained levels of transgene after EP compared to ConA-stimulated T cells. The mechanistic underpinnings of such a phenomenon are unclear, but they are consistent with the higher levels of cytokine expression observed between the two stimulation platforms. Nonetheless, this observation is noteworthy and potentially relevant to the further development of RNA-modified T cells for potential clinical use.
Interestingly, not only do GM-CSF-expressing T cells maintain effector function but also GM-CSF RNA-modified T cells secreted significantly higher levels of IFN-g following co-culture with cognate antigen-expressing tumor cells in vitro. This finding corroborates with the increased levels of IFN-g secretion found at the tumor site following i.v. injection of GM-CSF RNA-modified T cells into tumor-bearing mice. The mechanisms of how GM-CSF potentiates IFN-g release from T cells are under active investigation.
The therapeutic benefits of transgenic expression of cytokines using a cellular therapy approach in solid tumors have been previously demonstrated. [3] [4] [5] [6] [7] However, previous studies did not address whether cytokine production by genetically modified T cells occurs locally within the tumor microenvironment. Compared to the unmodified T cell group, we demonstrated enhanced GM-CSF protein levels within the brain tumor lysate following systemic injection of GM-CSF-expressing T cells into tumor-bearing mice. Importantly, lympho-depleted control animals and the contralateral side of the brain from animals receiving GM-CSF RNA-modified T cells showed undetectable levels of GM-CSF, demonstrating effective local secretion of the transgene within the tumor microenvironment by RNA-modified T cells. While GM-CSF is known to be produced in vitro and in vivo by a wide range of cell types, including tumor cells, [41] [42] [43] [44] our observed increases of intratumoral cytokine occurred only with GM-CSF RNAmodified T cells when compared to unmodified T cells. Furthermore, the enhanced GM-CSF levels within the tumor microenvironment and undetectable serum GM-CSF levels found in mice receiving systemic RNA-modified T cell injection rule out the possibility of other sources of enhanced GM-CSF at the tumor site.
While the majority of published RNA-modified T cell therapy studies have utilized xenograft models, which do not recapitulate the immunosuppressive tumor microenvironment found in most cancers types, 45 our syngeneic murine brain tumor model allowed us to study cytokine delivery in situ by antigen-specific T cells modified with GM-CSF RNA in an immunocompetent brain tumor model. GM-CSF is mostly known for its pro-inflammatory effects; however, it can also have anti-inflammatory responses by modulating myeloid cells to a tolerigenic state, 46 further leading to a regulatory immune response. Such a phenomenon appears to be dose dependent, and it can be affected by the interaction of GM-CSF with other relevant cytokines (e.g., IL-12). Although this potential immunosuppressive effect may have implications for use in immune therapy, our study demonstrates the feasibility and applicability of the RNA-modified T cell platform as a tool to deliver biological agents to brain tumors in a preclinical setting, and it can be potentially applied to other activating cytokines (e.g., IL-2, IL-7, and IL-15). Moreover, such therapy may bypass the need for potentially high and toxic concentrations to be achieved through systemic delivery in order to modulate local concentrations within the brain. The capacity to titrate cytokine production using different amounts of RNA during EP along with the capacity to combine several RNAs lends the potential for combinatorial approaches that may further increase efficacy without additive systemic toxicity.
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In summary, we present RNA-modified T cells as a novel modality that can overcome the limitations of biologic drug delivery presented by the BBB and be used as an effective cellular vehicle to deliver therapeutic macromolecules to invasive brain tumors. Such an approach not only suggests a novel therapeutic delivery strategy to control and direct cellular immune responses against CNS tumors but also highlights the potential to reprogram the complex tumor microenvironment. Although we recognize the limitations of our study that may not recapitulate invasive and heterogeneous tumors seen in human patients, as a proof of concept, our demonstration that T cells can be modified, using an RNA-based gene delivery strategy to deliver local concentrations of cytokines to the tumor microenvironment and mediate enhanced anti-tumor immunity, is innovative, and it opens the door to the utilization of T cells for local delivery of novel combinations of RNA transgenes for maximizing potential clinical utility. The ease and reproducibility of transient RNA-based gene expression allows for the potential of multiple sequential infusions of RNA-modified T cells for bio-response modifier delivery, without concerns of prolonged expression of potentially toxic macromolecules from stably transfected T cells. Furthermore, our demonstration of the capacity to express more than one protein product in T cells, through simple co-EP of multiple mRNAs, offers significant versatility in exploring combinatorial therapeutics. Lastly, the simplicity and safety of such an approach reduce manufacturing complexity, and they mediate the capacity for rapid screening of therapeutic molecules of potential utility in a preclinical setting. Of interest would be exploration of the use of RNA-modified T cells for drug delivery in neuroinflammatory or neurodegenerative disorders as well.
MATERIALS AND METHODS
Animals and Cell Lines
C57BL/6 wild-type and C57BL/6-Tg (TcraTcrb) 1100Mjb/J (OT-1) transgenic mice were obtained from Jackson Laboratory. OT-1 transgenic mice (previously described) express a transgenic TCR that recognizes the SIINFEKL sequence peptide derived from residues 257-264 of OVA. 47 The OVA-transfected B16F10 (B16F10-OVA) cell line was a kind gift from Dr. Richard G. Vile, PhD, Mayo Clinic. 48, 49 The luciferase-transfected KR158B (Kluc) astrocytoma cell line (originally isolated from a spontaneously arising astrocytoma in an NF1;Trp53 mutant mouse with a C57BL/6 background) was kindly given by Dr. Tyler Jacks (Massachusetts Institute of Technology, Boston, MA).
50 B16F10-OVA and Kluc cell lines were cultured in DMEM containing 10% fetal bovine serum (FBS) without sodium pyruvate or with sodium pyruvate, respectively. All animals were housed in specific pathogen-free facilities. Experiments were performed according to University of Florida Institutional Animal Care and Use Committee (IACUC)-approved protocols.
In Vitro Transcription of mRNA and ttRNA Extraction
The plasmids encoding for mouse GM-CSF, and GFP were digested with the restriction enzyme SpeI to linearize the DNA, whereas Gaussia luciferase (Luc) plasmid was digested with SmaI restriction enzyme. Linear DNA was used as a template for the IVT RNA using mMessage mMachine T7 (Ambion, Waltham, MA), according to the manufacturer's protocol. IVT RNA was purified, and ttRNA was extracted from the dissociated Kluc tumor cell line using RNAeasy kit (QIAGEN, Hilden, Germany). RNA was quantified by spectrophotometry (Nanodrop, Waltham, MA).
DC Generation and Vaccination
Bone marrow-derived DCs were generated from 5-week-old wildtype C57BL/6 mice as previously described. 25 Briefly, bone marrow from both rear legs (tibia and femur) and sternum was harvested. Single-cell suspension was obtained and filtered through a 70-mm cell strainer. Cells were centrifuged and re-suspended in ammoniumchloride-potassium (ACK) lysis buffer (Gibco, Waltham, MA). Following lysis, cells were washed and re-suspended in RPMI containing 5% FBS, L-glutamine, non-essential amino acids, 1% HEPES, GM-CSF (20 ng/mL), and IL-4 (20 ng/mL). Immature DCs were electroporated at day 8. At day 9, naive C57BL/6 mice were vaccinated intradermally (i.d.) with ttRNA-pulsed DCs (1.25 Â 10 5 cells per ear).
T Cell Isolation and Activation
Spleen was harvested from 4-to 8-week-old naive, ttRNADC-vaccinated C57BL/6 mice or OT-1 transgenic mice. Red blood cells (RBCs) were lysed using ACK lysis buffer. Cells were cultured in RPMI 1640 (Gibco, Waltham, MA) medium supplemented with 10% FBS and recombinant human (20 U/mL) or mouse IL-2 (50 U/mL). Single-cell suspension of cells was activated with 1 mg/mL ConA (Sigma, St. Louis, MO) at days 1 and 4 or ttRNApulsed DCs for 5-7 days.
T Cell and DC Transfection
At 8 days after ConA T cell activation, cells were harvested; washed; and transfected with lipofectamine 2000, 3000, or messenger Max (Invitrogen, Thermo Fisher Scientific), according to the manufacturer's protocol, or resuspended in 200 mL Opti-MEM. 5 Â 10 6 cells were electroporated in 4-mm cuvettes with 10 mg GFP, Luc (Gaussia Luciferase), or GM-CSF RNA. At 9 days post-BM-derived DC generation, immature DCs were harvested, washed, and resuspended in Opti-MEM. 5 Â 10 6 cells in 200 mL were electroporated in 2-mm cuvettes with 25 mg ttRNA from Kluc. EP was performed by using an Electro Square Porator (ECM 830, BTX, Holliston, MA), as previously described. 25 Following transfection, cells were incubated in RPMI medium at 37 C in a humidified atmosphere containing 5% CO 2 .
Functional T Cell Assay
ConA-activated OT-1 T cells were co-cultured with B16F10-OVA (ratio of 10:1) in a round-bottom 96-well plate containing RPMI 1640; 24 hr later, the plate was centrifuged for 2 min at 200 Â g. Supernatant was collected and stored at À80 C for analysis.
Tumor Implantation B16F10-OVA cells were cultured and harvested with 0.05% trypsin (Gibco, Waltham, MA). Tumor cells were resuspended in 1Â PBS and mixed with methylcellulose (1:1 ratio) (R&D Systems). 8-to 10-week-old naive C57BL/6 mice were anesthetized with isoflurane and placed at a stereotactic frame. Intracranial (i.c.) implantation of tumor cells (1 Â 10 4 B16F10-OVA in 2.5 mL/mouse) was performed 2 mm to the right of the bregma and 4 mm below the skull using a 25G needle attached to a 250-mL syringe (Hamilton, Reno, NV). Mice were monitored and sacrificed before reaching endpoint.
Adoptive T Cell Transfer
Randomization of mice was performed after tumor implantation prior to ACT. Unmodified or GM-CSF RNA ConA-activated OT-1 T cells (10 Â 10 6 ) were washed, re-suspended in 100 mL PBS, and then injected i.v., shortly after RNA EP, into mice at day 7 or 18 after tumor implantation. To engraft T cells more efficiently, all experimental group animals were lympho-depleted by total body irradiation (TBI) using 500 rad (5 Gy) the day prior to T cell injection.
Tumor Tissue Dissociation
Brain tumor tissue was harvested 24 hr after T cell injection (day 19 post-tumor implantation). Tissue was chopped up, transferred to an Eppendorf tube, weighted, and digested with papain (56 U/mL/mg tumor tissue) (Worthington, Lakewood, NJ). Samples were placed in the 37 C shaker for 40 min at 225 rpm. Following incubation, tubes were centrifuged at maximum speed for 10 min. Supernatant was stored at À80 C for analysis.
Cytokine Analysis
For cytokine kinetic experiments, blood was collected in a microtainer tube. Samples were centrifuged at 1,000 Â g for 10 min, and serum was stored at À80 C for further analysis. For murine GM-CSF measurement in the supernatant, samples were harvested at 24, 48, and 72 hr after T cell transfection. For murine IFN-g detection in the supernatant, samples were collected 24 hr after co-culture of T cells with tumor cells. Murine GM-CSF, IFN-g, and IL-2 protein levels were detected in the supernatant, serum, or tissue tumor lysate by ELISA according to the manufacturer's protocol (eBioscience, Waltham, MA). The plate was read using a microplate absorbance reader (Cytation 3, Biotek, Winooski, VT) and analyzed by Gene 5 Software. TFN-a protein levels were detected in the supernatant by cytometric bead array (CBA) according to the manufacturer's protocol (BD Biosciences, San Jose, CA).
Flow Cytometry
Cells were washed with PBS containing 2% FBS prior to the addition of antibodies. Cells were stained with fluorophore-conjugated antibodies specific for mouse CD3-AF700 (BD Biosciences, San Jose, CA), CD4-Perc P5. 
Statistical Analysis
One-way ANOVA and unpaired t test were used to determine statistical significance for in vitro and ex vivo experiments. Survival data from the animal studies were analyzed by the Gehan-Breslow-Wilcoxon test. Statistical significance was set for p values less than 0.05. GraphPad Prism (La Jolla, CA) and Microsoft Excel (Redmond, WA) were used to conduct all analyses. Values indicated are the mean ± SEM. 
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